The short-lived radionuclide 53 Mn decays to 53 Cr providing a relative chronometer for dating the formation of Mn-rich minerals in meteorites. Secondary ion mass spectrometry (SIMS) has been extensively used for in situ dating of meteoritic olivine and carbonate by the 53 Mn-53 Cr system, however a significant analytical challenge has been realising accurate measurements of the Mn/Cr ratio in individual minerals of differing chemical compositions. During SIMS analysis, elements are ionised with differing efficiencies and standard materials are required to calibrate measured ion intensities in terms of relative elemental concentrations. The carbonate system presents a particular analytical difficulty since such standards are not naturally available due to low and variable Cr contents. Here, we utilise ion implantation of Cr into carbonate and other phases to accurately determine the relative sensitivity factors (RSFs) of Mn/Cr during SIMS analysis. We find significant variations in Mn/Cr RSF values among different carbonate minerals that depend systematically on chemical composition and we propose an empirical correction scheme that quantitatively yields an accurate RSF for carbonates of diverse chemical compositions. Correction of previous SIMS carbonate data for this strong matrix effect may help to reconcile some outstanding problems regarding the timescales of aqueous alteration processes in carbonaceous chondrites. Mn-Cr ages, revised based our new understanding of the matrix effect, are, in general, earlier than previously thought and the duration of carbonate formation is shorter.
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dating minerals are chosen which preferentially incorporate Mn, possibly as a major lattice forming element, and exclude Cr from the crystal structure.
57
Numerous studies have examined the Mn/Cr chronologies of meteoritic olivine (Glavin 
64
Although use of the Mn/Cr chronometer in meteoritic olivine has a long history (e.g.
by using the SRIM-2003 code (Ziegler, 2004 ). The energy of the implanted ion beam will be 145 constrained by the energy limits of the implanting instrument. If the limit is too low doubly 146 charged ions may be considered, however, the ion source brightness may be lower resulting 147 in an excessively long implantation time.
148
Two considerations apply when choosing the desired fluence. Firstly, the peak of the im- Following the approach of Leta and Morrison (1980) , consider two sputtered regions, j and 162 k, of the same mineral which have different, but homogeneous, concentrations of an element.
163
As the concentrations are different, the measured count rates will be different. However, ratio 164 of the count rate (I) over the concentration (C) will be equal.
If instead of a single homogeneous concentration, one of the regions were an implant, the 166 concentration and resulting intensity would change continuously through the implant profile.
167
The profile will grow to a maximum and then decay to the natural background level of the 168 material. The integrated counts over an implant profile can be considered equivalent to the 169 counts over a hypothetical region of constant concentration, A i = A he as seen in figure 1.
170
Therefore, these two regions may be compared as before in the homogeneous case, see I b is the intensity of the background, C b is the concentration of the background, A i is the integrated area of the implant profile, A he is a hypothetical region with the same area integrated implant profile, I he is the intensity of a hypothetical region with the same area as the implant profile, C he is the concentration of a hypothetical region with the same area as the implant profile.
1.
172
As the fluence of the implant (F) is the number of atoms implanted per square cm, the 173 concentration of the hypothetical region, and so the implant, is equal to
where D is the total depth of the analysis, and the intensity the hypothetical region will yield 175 is given by
where t is the total time of the analysis. Substituting equations 3 and 4 into equation 2, and 177 rearranging, the fluence of the implant can be determined by
Note that if the daughter element has more than one isotope the concentration C b , or I b , must 179 be normalised for its isotopic abundance.
180
Once the implant fluence has been independently calibrated it is possible to determine the RSF of any material that was implanted during the same implanting session, and so with the 182 same fluence, as the standard material. The RSF of an unknown sample may be determined using the same principles. effect on the RSF from the implant due to alteration of the matrix composition is negligible.
199
A further concern could, in principle, be that the implantation process may alter the matrix beam was tuned to a ∼20 μm spot and was rastered over a ∼100 μm by ∼100 μm area of The left panel is shows a linear scale to illustrate the true shape of the implant profile and the right panel shows a log scale to demonstrate that a stable background is reached. The initial 400 s of the depth profile are characterised by an enhanced Cr signal due to contamination from the surface of the mount 'gardened' in by the primary beam and nonequilibrium sputtering. These surface features can be removed by either peak stripping based on the measured surface contamination of 53 Cror by using a SRIM (Ziegler, 2004) to model correct the shape of the implant profile to replace the affected data. Experiments show that both techniques yield essentially identical results (much better than the reproducibility between measurements).
The deadtime correction of the EM was adjusted by the duty cycle of the raster which was 250 determined by measuring the beam with the dynamic transfer lens of the instrument set to 251 transmit the entire beam through the field aperture or only the analytical area or interest.
252
We examined the energy distributions of Mn and Cr and found there was no discernible 253 offset between them. In order to minimise the chances of a difference in energy distribution 254 inducing a matrix effect, a wide energy window of 50 eV was set and sample charging was 
257
The samples and standards were sputtered through the peak of the profile until the signal were used to obtain cation abundances and CO 3 anion contents were calculated by difference. was calibrated with certified step height standards before and after every analytical session.
284
Slight deviation from the certified values (∼1 %) was observed in the step height standard data.
285
This deviation was never outside error of the certified values, however, it was consistently in 286 the same direction for all step height standards which is extremely unlikely to occur due to by measurement of the SRM 612 NIST glass standard and so this can have no effect on the
318
Mn/Cr RSFs determined in this work. Moreover, the homogeneity of the implant was mea-319 sured by examining the Si wafer chips and showed that the implant is homogeneous to within The range of RSFs values in carbonates is therefore striking since these were measured by 380 one technique, on one instrument, under the same analytical conditions.
Uncertainties on RSF measurements

381
The other mineral that has been previously studied by multiple laboratories is calcite. The Figure 6: Mn/Cr data for breunnerites from Orgueil. The data are presented corrected for the Mn/Cr matrix effect using an RSF from olivine (stars) and one estimated for the breunnerite composition based on equation 7 (circles). The data corrected for the Mn/Cr matrix effect using the breunnerite RSF yield older ages by 2-3 Ma. 
Discussion
Variation in RSF 442
We observe a systematic and large variation in the Mn/Cr RSF of carbonates from ∼0.2 for RSF, the involvement of Fe suggests it could be related to the conductivity of the minerals.
457
In support of this hypothesis we note a correlation between the resistivity (the reciprocal of 
461
The correlation with resistivity potentially raises a concern that our results were some-462 how perturbed by the minerals with higher resistivity (e.g. calcite) charging more during ion 463 implantation and, thus, receiving a lower implant dose than more conductive minerals (e.g.
464
siderite). However, this goes counter to the observations and is unlikely for several reasons.
465
Firstly, we note that our measured RSF for calcite is within error of those previously deter- 
483
One method to improve the empirical correlation between the RSF and the proxy for 484 matrix is to vary the coefficients which describe the weighting of the chemical components.
485
Simply adding the concentrations of Mn and Fe weights them equally. We used the linear After finding the combination which gave the best fit, a Monte Carlo simulation was made 493 to estimate the uncertainty on the predicted RSF using the new weights. 
567
There are several interesting features of the corrected data (figure 9) which may offer so-
568
lutions to previous problems. Firstly, the spread of carbonate formation ages is significantly whereas previously, when matrix effects between these carbonates were not understood, it ap- unknowns in other studies when adjusted by normalisation to a common sample, e.g. San
589
Carlos olivine.
590
The RSFs predicted for dolomite and breunnerite are less than 1, and fall outside the range 
